M-stars comprise 80% of main-sequence stars, and so their planetary systems 23 provide the best chance for finding habitable planets, that is, those with surface 24 liquid water. We have modeled the broadband albedo or reflectivity of water ice 25 and snow for simulated planetary surfaces orbiting two observed red dwarf stars 26 (or M-stars), using spectrally resolved data of the Earth's cryosphere. The gradual 27 reduction of the albedos of snow and ice at wavelengths greater than 1 μm, 28 combined with M-stars emitting a significant fraction of their radiation at these 29 same longer wavelengths, mean that the albedos of ice and snow on planets 30 orbiting M-stars are much lower than their values on Earth. Our results imply that 31 the ice/snow albedo climate feedback is significantly weaker for planets orbiting 32 M-stars than for planets orbiting G-type stars such as the Sun. In addition, planets 33 with significant ice and snow cover will have significantly higher surface 34 temperatures for a given stellar flux if the spectral variation of cryospheric albedo 35 is considered, which in turn implies that the outer edge of the habitable zone 36 around M-stars may be 10-30% further away from the parent star than previously 37 thought. 38 39
Introduction 41
The habitability of extrasolar planets is a question that has stimulated many 42 observational and theoretical studies over the past few decades, with recent actual 43 observations of planets increasing this interest to new levels. The habitability of 44 planets orbiting small red dwarfs, or M-stars, is a question that demands special 45 attention because M-stars comprise 80% of main-sequence stars, and so their 46 planetary systems provide the best chance for finding habitable planets, that is, 47 those with surface liquid water. 48
49
The so-called habitable zone, or the loci of orbits where liquid water is stable 50 around a range of different stars, has been investigated by several authors (e.g., 51
Huang 1959, Dole 1964 , Kasting et al 1993 . They pointed out that tidal locking--52 the phenomenon whereby one side always faces the parent star--could present a 53 barrier to the habitability of planets orbiting M-stars. However, this issue has been 54 addressed in models ranging in complexity from simple energy-balance systems 55 (Haberle et al. 1996) to complex three-dimensional global circulation models 56 (Joshi et al 1997) . More recently, climate models that include radiative processes 57 such as clouds and water vapor have been employed to examine the problem both 58 in general (Joshi 2003 ) and for specific planets orbiting specific stars such as 59
Gliese 581 (Pierrehumbert 2011) . The issues of M-stars emitting flares (sudden 60 releases of energy such as X-rays or ultraviolet radiation) and the chemical 61 4 composition of planets orbiting M-stars has also been addressed recently (Scalo et 62 al. 2007 , Segura et al. 2010 ). Elsewhere, the habitability of planets orbiting M-63 stars has been examined in a comprehensive review paper (Tarter et al 2007) . 64
65
In the present work, we address a property of water ice and snow that has 66 significant implications for the M-star habitability question, and that is the 67 dependence of ice and snow albedo on wavelength. The spectral dependence of 68 snow and ice albedo has been observed and reported upon in previous work (e.g., 69
Ebert While the reduction of ice albedo has a small effect on the climate sensitivity of a 154 planetary climate that has similar characteristics to present-day Earth, its effect 155 may be expected to be more profound on planets that are largely ice-covered, in a 156 similar manner to the so-called "snowball Earth" period (e.g., Kirschvink 1992) . 157
Previous studies suggest that the snowball Earth scenario might be indicative of a 158 bistable state (Budyko 1969 
Discussion-Habitable Zone 166
We estimate the effect of albedo variation on the width of the habitable zone by 167 calculating downward top-of-atmosphere (TOA) stellar flux F vs albedo for a 168 planetary surface temperature of 200K. This is the temperature at which a bar of 169 CO 2 condenses, and it is often considered a proxy to the outer edge of the 170 habitable zone (Kasting et al. 1993 ). We consider the black body relationship: 171
where F is the downward top-of-atmosphere stellar flux, σ is the Stefan-173
Boltzmann constant, ε is the emissivity, a is surface albedo, and T is surface 174 temperature. We assume that at a surface temperature of 200K the amount of 175 water vapor in the atmosphere is negligible, so any deviation of ε from unity is 176 due to CO 2 . We assume that ε = 0.8, consistent with a bar of CO 2 having a grey 177 optical depth of approximately unity (Joshi et al 1997) . We neglect clouds and 178 assume that Rayleigh scattering can be ignored to leading order as its effects on 179 planets receiving radiation from M-dwarfs is small (Kasting et al 1993) . 
218
In the future, more detailed calculations will have to be carried out by using 3D 219 models of planets orbiting specific stars, such as that of Pierrehumbert (2011) . 220
Such models are able to take account of the above effects, as well as the variation 221 of stellar zenith angle, and the effect of different atmospheric gaseous absorbers. 222
Nevertheless, we believe the above result, which is that the outer edge of the 223 habitable zone moves outward when the spectral dependence of ice and snow 224 albedo is taken into account, is robust. 225 226 CO 2 clouds can potentially provide an effective scattering greenhouse effect (e.g., 227
Forget and Pierrehumbert 1997) and could be present on a planet near the outer12 edge of the habitable zone. The potential effects of such clouds overlying ice or 229 snow with spectrally varying albedos would depend on atmospheric and 230 microphysical parameters, and as such these effects are beyond the scope of this 231 paper. We suggest quantifying such impacts as another source for future research. 232
233
The effect considered here should not move the inner edge of the habitable zone, 234 usually considered as the locus of orbits where loss rates of water become 235 significant to dry a planet on geological timescales (Kasting et al 1993) , away 236 from the parent M-star. This is because when a planet is at the inner edge of the 237 habitable zone, surface temperatures should be high enough to ensure that ice 238 cover is small. For a tidally locked planet, this implies that ice is confined to the 239 dark side that perpetually faces away from the parent star; such ice receives no 240 stellar radiation, which renders albedo effects unimportant. 
